INTRODUCTION
One of the major concerns on public health is the emergence of bacterial antibiotic resistance, not only in developed countries, but also in developing ones (D'Andrea et al. 2013) . One of these resistances is that of gram-negative bacteria encoding extended spectrum beta-lactamases (ESBLs) carried in plasmids that are readily transferred among bacterial species via horizontal transfer. However, monitoring the dynamics of dissemination of ESBL in populations is difficult in mainstream communities due to the mobility of populations and other factors, such as exposure to multiple sources of antibiotics (medical care, food chain, etc.) associated with the modern lifestyle that burden the follow-up of stable cohorts of individuals over time. To address this issue, the faecal enterobacteria-producing ESBL (E-ESBL) has been studied for over a decade, on the isolated Amerindian Wayampi community living in a very remote village of French Guiana, with three campaigns in 2001 , 2006 (Grenet et al. 2004 Woerther et al. 2010 Woerther et al. , 2013 . In this context, metagenomic and metatranscriptomic approaches were conducted on a subset of samples collected during the last campaign (Gosalbes et al. 2016) in order to answer the question regarding the potential association of intestinal carriage of E-ESBL with significant changes in the composition of the rest of the microbiota.
However, this picture remained incomplete, as the association with other members of the gut microbiota, the viral community, has not been explored yet. In this work, we have examined the viral fraction from the set of samples analysed by Gosalbes et al. (2016) , in order to describe the virome of a genetically and environmentally homogeneous population. We aim at establishing potential associations, not only between the virome and the intestinal carriage of E-ESBL, but also extending the scope to other epidemiological data (demographic, environmental and medical data).
MATERIALS AND METHODS

Subjects
Detailed information about the study subjects and sampling was extensively described previously (Gosalbes et al. 2016) . Briefly, available frozen faecal samples from 31 healthy adult Wayampi Amerindians from the village of Trois-Sauts in French Guiana were used for this study. These subjects represented a subcohort of the 151 individuals voluntarily participating in a campaign in October 2010 to test for E-ESBL intestinal carriage. They included eight E-ESBL carriers, four of them carrying a CTX-M-1 type ESBL, two carrying a CTX-M-8 ESBL and one was carrying a CTX-M-2 ESBL. The remaining individuals were non-carrier controls chosen among the remaining 143 villagers.
Demographic, lifestyle, environment, and medical history data had been previously collected (Woerther et al. 2013 ) from each volunteer. Antibiotic treatments prescribed to all villagers were also recorded, as well as familial status and the location of the household of each villager.
Signed informed consent had been previously obtained from all subjects and the study protocol was approved by the Regional Ethics Committee (Comité de Protection des Personnes Sud-Ouest et Outre Mer III, 2010-A00682-37).
Sample collection and DNA purification
For each volunteer, about 5 g of fresh faecal sample was diluted 1:10 in RNAlater (Applied Biosystems, Villebon-sur-Yvette, France), thoroughly mixed and frozen at −20
• C and taken to the laboratory for storage at −80 • C.
Stool samples were defrosted and homogenised and 5 mL of each were diluted with 5 mL of phosphate buffered saline (containing, per litre, 8 g of NaCl, 0.2 g of KCl, 1.44 g of 96 Na2HPO4, and 0.24 g of KH2PO4 [pH 7.2]). Then, they were centrifuged at 1250 g at 4
• C for 2 min to remove faecal debris. The supernatants were transferred into 2 mL microcentrifuge tubes and stored at −70 • C. One aliquot per sample was used for the viral metagenome isolation. The suspensions were first centrifuged twice at 13,400 × g, 5 min at 4
• C and the supernatants recovered and transferred into sterile tubes. 
Sequence bioinformatics analysis
Raw files containing all samples already demultiplexed were filtered by length and quality, trimmed and removed of low-complexity sequences and Ns using Prinseq-lite (v0.20.4) (Schmieder and Edwards 2011) . For each sample, forward and reverse sequences were joined using the fastq-join tool from eatools suite (Aronesty 2011) , with unjoined reads remaining as separate files. Next, files were filtered from human and bacterial reads using the end-to-end and very sensitive options implemented by Bowtie2 (Langmead and Salzberg 2012) against the GRCh38/hg38 reference human genome (Dec ember 2013) and a bacterial database consisting of the reference bacterial genomes updated to June 2016 downloaded from the NCBI FTP site. Next, a BLASTn search strategy (e-value <10 −3 , with identities ≥70%, 80% and 90%, along ≥75% of the read length) was used for the unmapped reads against a customised viral database (March 2016), consisting of 99% identity clusters of complete viral genomes from the EBI and NCBI sites, plus all available viral sequences from the International Nucleotide Sequence Database Collaboration. It also included prophages from PHAge Search Tool (Zhou et al. 2011) . Additionally, a BLASTn against the viral database was launched for those reads that had previously mapped against the bacterial database in order to identify potential prophage sequences in those reads. In all cases, tBLASTx searches were also conducted (e-value < 10 −5 , with identities ≥50%, 60% and 70%, along ≥65% of the read length), obtaining similar results. A taxonomic assignment was subsequently obtained for resulting hits using in-house scripts based on the lowest common ancestor strategy. Finally, contingency tables for reads matching both viral and bacterial hits, as well as for those matching viral but not bacterial hits, were built for the analyses with QIIME version 1.9.0 (Caporasso et al. 2010). Ecological analyses of the viral communities such as sample composition, abundance and diversity within and among samples and were calculated. For analyses comprising groups of samples, a sub-sampling of reads based on the sample containing the fewest sequences, HE002 (2127 reads) was carried out. Sample HE022, containing only 11 viral reads was excluded from the analysis. For comparisons of differential distribution of abundances of prophages and viruses at family and species level between groups of samples according to factor such as antibiotic intake, ESBL carriage, gender, hospitalisation and possession of pets, non-parametric Wilcox tests were carried out with the free statistical package R 3.1.0 (R Core Team 2013) and P-values were corrected by the false discovery rate (FDR) corrections. For these analyses, only hits with at least three appearances (10% of the samples) were considered, in order to avoid viruses appearing rarely (in only one or two samples). In addition, Linear Discriminant Analysis Effect Size (LEfSe) (Segata et al. 2011 ) was used to find differentially distributed markers in those groups. The threshold used to consider a discriminative feature was set to >3.0.
Additionally, 1000 rarefactions were carried out and the alpha diversity was calculated with the Shannon diversity index. Boxplots were created using a n R script, and the diversity was compared by groups using the script compare alpha diversity.py and estimated if they were significantly different using a nonparametric two-tailed t-test using 2127 Monte Carlo permutations with FDR correction.
In order to assess the homogeneity of the viral communities, the beta diversity was calculated with the pipeline beta diversity through plots.py, using the Bray-Curtis dissimilarity index. To compare distances between categories, boxplots were created using the same R script as used for alpha diversity. The script make distance boxplots.py was used to assess the significance of differential distributions, carrying out Monte Carlo (nonparametric) tests, including Bonferroni corrections.
The homogeneity of the virome from samples from the Wayampi individuals was also compared with that of samples from 20 healthy individuals from Spain, previously sequenced by us (Pérez-Brocal et al. 2015) , as well as with samples from 11 patients infected by Clostridium difficile processed and sequenced in parallel to the Wayampi samples, using the same procedure. To make groups comparable, qualitative statistics were used. Thus, dissimilarity among samples, calculated using the Binary Jaccard distance matrices and richness measures, was plotted for the three sets, using R package, and statistical differences were estimated between pairs of sets, as well as for the three groups using the non-parametric Mann-Whitney U and Kruskal-Wallis tests, respectively.
Finally, the clustering based on the Bray-Curtis dissimilarity measurements and the heat maps of taxon abundance and composition were also generated using R package.
Virome data submission
The DNA virus metagenome data sets from this study are available in the EBI Short Read Archive under the study accession number PRJEB21741, with accession numbers [ERS1820590-ERS1820620]. As for the Western population viromes used for comparisons with the Wayampi ones, data sets can be accessed under the accession numbers ERS540192-ERS540312 (healthy individuals) and ERS1941693 -ERS1941704 (patients suffering from diarrhoea).
RESULTS
The virome contained in 31 faecal samples from adult volunteers belonging to the Wayampi tribe previously collected was analysed. The distribution of the samples according to the five characteristics selected to conduct the analyses (antibiotic intake, ESBL carriage, gender, hospitalisation and pet possession) is shown in Table 1 . Thirty out of those samples resulted in a successful sequencing, adding up 14 344 007 pairs of raw reads in total. Sample HE022 was removed from the analysis due to its low number of reads. Table 1 (Supporting Information) summarises the evolution in the number of reads, total and per sample, after sequential processing steps, as well as the number of identified viral hits using three different BLASTn identity cut offs (above 70%, 80% and 90%).
Despite the protocol used to enrich the samples with viruses, viral hits stood for a minority on the reads, with an average ranging from 5.6% to 2.8% of all reads, using cutoffs of 70% and 90%. If only viral hits with no match in bacterial database are considered, those reads averaged from 3.1% to 0.4% of all reads. Considering only viral reads, hits matching viruses but not bacteria represented, on average, 27.2% of the total viral hits (i.e. including those matching both viruses and bacteria), ranging from 17.4% to 54.1% among samples at 70% identity. That average was 20.2% (from 9.2% to 63.4%) at 80% identity, and 15.7% (from 5.9% to 62.6%) at 90% identity. That implies that, for higher identity cutoffs, non-bacterial viral-only hits represented lower proportion of viral hits.
Viruses in Wayampi stool samples are relatively homogeneous in distribution
Relative abundance of the viruses at different taxonomic range levels was analysed (see Fig. 1 for distribution at the family level) not only for each sample, but also for groups of samples, according to the different variables: antibiotic intake, being or not carrier of E-ESBL, gender, hospitalisation during the last year, and possession of pets. In the surveyed individuals, reads were globally dominated by those matching prophages (87.4%), especially from those identified in bacteria from families Lachnospiraceae, Enterobacteriaceae, Bacteroidaceae, Ruminococcaceae and Streptococcaceae (summing up 36.5% of all reads). Among characterised viruses (12.6%), bacteriophages of families Myoviridae (4.1%) and Siphoviridae (3.8%), a Streptococcus phage (0.5%) and Caudovirales that could not be unambiguously determined (0.4%) occupied the top positions within bacteriophage families. The most abundantly identified eukaryotic viral family was Herpesviridae (0.3%). In addition, the unclassified immunodeficiency-associated stool virus (IAS virus) was also identified in a similar percentage. Table 2 (Supporting Information) shows details of those bar plots at family and species level. Even if only those reads matching only characterised viruses were considered, prophages hits still outnumbered those of bacteriophages and eukaryotic viruses (81.1% vs. 18.9%).
Non-parametric Wilcox tests with FDR correction and LEfSe analyses indicated no significant differences between groups of samples according to any of the parameters analysed, suggesting a high degree of homogeneity in the viral composition and relative abundance across samples. Detailed results of the Wilcox tests, at family and species level, as well as LEfSe plots and up to four examples of potential biomarkers can be seen in Table 3 (Supporting Information). Even though some prophages and, to much lower extent, some viruses could be significant, the abundance distribution exemplified in the case of the selected plots of LEfSe markers shows that differences in mean and median values between groups do not necessarily reflect two distinct distributions, but rather an inter individual variability within each group, with abundances for many of the samples of each class that could otherwise overlap. One possible exception is represented by the immunodefiency-associated stool virus (IAS virus), which is significantly more abundant in those individuals having received antibiotics (0.66% ± 0.53%) than in those with no antibiotic treatment during the last months (0.21% ± 0.49%) (see its distribution by samples and Wilcox and LEfSE results in Tables 2 and 3 , Supporting Information). This difference was observed even in the most restrictive conditions, i.e. using only viral and no bacterial hits, and more than 90% identity (data not shown), suggesting that the presence reads similar to those from this virus was not a mere artefact. However, this assumption is supported by a small and uneven (6 vs 24) number of samples. In fact, the sample with the highest number of reads attributable to this virus belonged to a non-treated individual (H137, 2.49%), although the remaining 23 individuals showed a much lower abundance (mean = 0.11% ± 0.08%).
Similar diversity in samples and groups of samples
Alpha diversity, measured by the Shannon diversity index, had a mean value of 5.71 ± 0.38, ranging from 4.72 ± 0.073 in HE109 to 6.10 ± 0.064 in HE055. However, when grouped by categories (i.e. antibiotic intake, ESBL carriage, gender, hospitalisation and pets), comparisons of the diversity within samples did not show significant differences, as displayed in Fig. 2 . That implies that even though some degree of individual variation is found across samples, it cannot be associated with any particular factor of those analysed. For example, the higher average diversity observed in individuals having taken antibiotics or in pet owners compared to those without antibiotic intake and to those without pets, as well as the apparently higher diversity observed in females with respect to males were not significant, since the variability within groups was higher than the observed differences. The lowest differences were, however, observed by ESBL carriage and hospitalisation, with virtually undistinguishable values. This observation reinforces the idea of a relatively homogeneous virome in faecal samples, not only in composition and abundances (see above), but also in their alpha diversity.
Differences in beta diversity are observed by gender and hospitalisation
On the other hand, significant differences were found in some comparisons of the beta diversity analyses (Fig. 3) . In particular, all differences by hospitalisation were significant, as well as those relative to gender involving females. Thus, the faecal virome from female samples displayed more homogeneity than that of males. Table 2 (Supporting Information).
Comparison with sets of samples from western populations
The Binary Jaccard distance among the Wayampi set of samples, compared to that of faeces from healthy individuals and patients suffering from diarrhoea, both from a western country (Spain) (Fig. 4) , revealed that statistically significant differences based on composition in the virome of the Wayampi were lower than those from healthy Westerners (0.62 ± 0.03 vs. 0.86 ± 0.06; P < 0.05), and also from patients with diarrhoea (0.84 ± 0.06; P < 0.05), whereas viromes from these last two did not differ significantly (P = 0.275). In addition, the virome from the tribe members had fewer variability than those from the general population of Spain. These two characteristics reinforce the observations pointing to a more homogenous community in the case of the virome in this isolated community.
Correspondence between the clustering of the virome and the epidemiological parameters
The clustering based on composition and abundance (Fig. 5) , using the Bray-Curtis dissimilarity matrix for viruses and prophages, showed two main clusters, one of them (cluster A) consisting of 11 samples and the other (cluster B) including 17 samples, with two more samples clustered apart (cluster C). According to the selected categories, the 30 samples fell within 16 different combinations (see Table 4 , Supporting Information) that could be related to the three clusters, observing no pattern that could be assigned to any particular cluster. Also, this association was analysed separately for each parameter. Unsurprisingly, none of them was able to explain alone the distribution of the samples based on the composition and abundance of the virome. Nevertheless, the small and uneven number of samples for most categories, especially for antibiotic intake (24 no vs 6 yes), ESBL carrier (22 no vs 8 yes) and possession of pets (9 no vs 22 yes), may be responsible for distorting the results of this sample clustering. Despite this, it is remarkable that, in the case where samples were more evenly distributed, by gender, (13 males vs 17 females), most females clustered together (12 in cluster B), whereas males were distributed in the three clusters (6, 5 and 2 in cluster A, B and C, respectively). In order to deepen in the division of roles by gender, a list of activities and other details and their correlation with the gender and sample clustering is shown in Table 5 (Supporting Information).
DISCUSSION
In a subset of 31 out of 151 samples from the October 2010 campaign for the identification of individuals for E-ESBL intestinal carriage, Gosalbes and collaborators analysed the total and active gut microbiota. In their comparison of general features, they found that the gut microbiota of eight carriers and 23 noncarriers did not differ significantly with respect to any of the epidemiological characteristics they tested. They also analysed the biodiversity and composition of the total and active microbiota. In this study, we have used the remaining faecal matter from that subset of samples that remained stored at −80
• C for the analysis of the DNA virome, including prophages, from this subset. Some of the epidemiological parameters recorded during the campaign were used for grouping the samples in order to make the comparisons of virus and prophage composition and abundance, biodiversity within and between samples. Other analyses have been carried out on uncontacted Amerindians (Clemente et al. 2015) , focused on the bacterial microbiome and resistome of members of an isolated Yanomami Amerindian village. Nevertheless, as far as we know, this is the first attempt to characterise the virome of an isolated human population from an isolated location, whose main interest relies on its scarce contact with the mainstream population and the consequent environmental and genetic homogeneity of this community. This allows narrowing the potential sources of variability that normally encompass modern societies. The different analyses carried out pointed to a relatively evenness of the virome across individuals compared to western populations, either healthy or diseased. Probably this is due to a high degree of familiar connectivity, and/or living in an environment where the flow of microorganisms among hosts is facilitated, resulting in a homogenisation. However, it is extremely difficult to decompose the extent of the influence of the genetic and environmental components in this relative homogeneity observed in the Wayampi. Moreover, despite this, relative uniformity variation in diversity, based on composition and abundance among individuals, is still observed. We propose that it can be related to some kind of specialisation in functions and practices, particularly regarding the gender distinction, with higher variations in men than in women. Other gender-related differences observed in human viruses have been reported in the case of oral virome in California (USA) (Abeles et al. 2014 ), but with a smaller cohort of eight Western individuals. Our sample size is greater and the characteristics of the population and environment surveyed are also different, but our results also hint that sex-based differences may apply to communities of human viruses. However, in our study, the analysis of different recorded activities such as hunting, fishing, water access, preparation of nourishment, health activity, and so on did not show correlation with the clustering of the samples. Even though for some activities exist a certain division of roles, with some activities mostly masculine (hunting, canoeing) or feminine (preparation of nourishment or cachiri), other activities were shared by both sexes (fishing, slaughter, care of children), making it difficult to associate a sole activity with the clustering, even more with such a low number or samples. As for the analysis of composition and abundance of the virome from members of this tribe, hits similar to potential prophages outnumber those matching strictly bacteriophages and eukaryotic viruses (almost 9 to 1), and even when the hits were restricted to those not matching bacteria (8 to 2). Those from Lachnospiraceae, Enterobacteriaceae, Ruminococcaeae, Bacteroidaceae and Streptococcaceae were the most abundant prophages found, whereas bacteriophages from Siphoviridae and Myoviridae families comprised the highest in number of reads for all viruses, and Herpesviruses for eukaryotic viruses. The unclassified IAS virus has not been assigned to either category. This virus has been reported in one study on diarrhoea in humans with advanced-stage HIV infection (Oude Munnink et al. 2014) . It was also recently detected in a study of healthy and diarrhoeic neonatal piglets (Karlsson et al. 2016) . However, in both cases, no association with diarrhoea was found. However, this dsDNA virus that displays no significant similarity to known viruses may deserve some further interest, since it shows significant association with the antibiotic intake in our samples, despite their limitations in size and evenness. The relatively small number of samples and the unevenness of representatives for each group of them make it difficult to extrapolate conclusive remarks, but these findings indicate that even in a small population, and with low gene exchange as the Wayampi Amerindians, a mixture of homogeneity in the viral composition, abundance and diversity within samples coexists with certain differences in the degree of variability (e.g. females/males), differences in particular viruses (e.g. IAS virus) that, even though cannot explain per se the clustering of those samples, allow us to differentiate, at least to some extent, patterns in samples that otherwise would seem indistinguishable. The inclusion of further criteria to group the samples might broaden the chances to find out traits that help us characterise the virome in this or similar populations.
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